The chemistry of the fructosamine assay was studied by using the Amadori compound, N"-formyl-N8-fructoselysine (fFL), an analog of glycated lysine residues in protein. Previously (Clin Chem 1993;39:2460-5), we reported that free lysine was formed from fFL at 70% yield during incubationwith alkaline nitrobluetetrazolium (NBT) under the conditions routinely used for the fructosamine assay (sodium carbonate buffer, pH 10.35 at 37#{176}C). Here, we show that o-glucosone is the primary carbohydrate oxidation product formed from Amadori compounds in the fructosamine assay. Glucosone, which decomposes under alkaline assay conditions with a half-life of <30 mm, reaches a maximum concentration of -50% of the initial fFL concentration after 10 mm of incubation. Like fFL, glucosone reduces NBT to the purple monoformazan dye, but its decomposition is not accelerated by the presence of NBT. The dicarbonyl-trapping reagent, aminoguanidine, inhibits the fructosamine assay by -25% when fFL is the substrate, but by nearly 100% with glucosone as substrate. Studies with serum samples from diabetics and nondiabetics indicate that glucosone formation does not have a significant effect on the clinical usefulness of the fructosamine assay; however, corrections for glucosone formation may be required when the assay is used for estimating the extent of glycation of proteins.
the direct reductant of NBT, but the nature of the carbohydrate oxidation product(s) formed from the Amadori compound during the fructosainine assay remained unknown.
Hodge (4) proposed that D-glucosone was the most likely oxidative degradation product of Amadori compounds in alkaline solution, on the basis of isolation of the phenylosa.zone and tetrahydroxybutylquinoxaline derivatives of 1-deoxy-1-p-toluidino-D-fructose.
Kate ( In the present work, we examined the degradation of fYL in the alkaline NBT reagent used in the fructosamine assay and identified glucosone as the carbohydrate oxidation product of fFL. We also examined the time course of the reaction and the contribution of D-glucosone to the absorbance change in the fructosamine assay, using the dicarbonyl trapping reagent, aminoguanidine (AG).
MaterIals and Methods

Materials.
Blood samples were collected from 70 patients attending the Diabetic Clinic at Auckland Hospital. Procedures followed were in accordance with the Helsinki Declaration of 1975, as revised in 1983. Specimens were allowed to clot and serum was separated and stored at -20#{176}C for later analysis.
Bovine serum albumin (Cohn Fraction V), NBT, sodium borohydride (NaBH4), sodium borodeuteride (NaBD4), N-formylglycine, Naformyllysine, phytic acid, AG, EDTA, diethylenetriaminepentaacetic acid (DTPA), and methyiglyoxal (400 milL solution, 6.6 mol/L) were from Sigma (St. Louis, MO). The Amadori compound, fYL, was synthesized from Naformyllysine and glucose by the method of Finot and Mauron (9) , and D-glucosone from the phenylosazone derivative of D-glucose (10, 11 added to the NBT reagent, where indicated, before analysis.
Results
Measurement of IFL degradation.
As reported previously (3), amino acid analysis of fFL samples incubated in alkaline NBT reagent showed the glycine internal standard, glucitol-lysine, mannitol-lysine, lysine, and traces of ammonia. There was no evidence of formation of CML or LL (<1% yield). About 70% of the fFL was degraded during the first 20 mm of the reaction, and the sample was completely converted to free amino acid by 60 min (3). GC-MS analysis of carbohydrate products in NaBH4-treated samples revealed only the internal standard, myo-inositol, and the epimeric hexitols glucitol and mannitol (Fig. 1) . Comparison of the mass spectra of products formed on reduction with NaBD4 and NaBH4 was used to determine whether the parent compound was glucosone or a mixture of the two aldoses. For the NaBH4-reduced samples ( Fig. 2A) , the presence of fragment ions in the mass spectrum at m/z 361, corresponding to the loss of a terminal CH2OAc group, is consistent with either glucosone or the two aldoses as parent compounds. However, ion fragments at mlz 362 and mlz 363 in the mass spectra of NaBD4-reduced samples ( In contrast, glucos#{243}ne formation reached a maximum of -50% yield at 10 miii, then gradually decreased, with an apparent half-life of <30 min. As shown in Table 1 , glucosone is unstable in neutral and alkaline buffers. it is more rapidly degraded in sodium carbonate buffer, pH 10.35, than in neutral buffer, but the presence of NBT did not markedly accelerate the loss of glucosone. GC-MS analysis of NaBH4-reduced samples showed traces of a fivecarbon product, but no evidence of glyconic acids. As with ff1, two-and three-carbon products may have been formed, but would not be detected by our analytical procedure.
Relative response of fFL and glucosone in the fructosamine assay. To assess the effect of glucosone formation on the results of the fructosaniine assay, we compared the color yield from a commercial control serum (Precipath (Fig. 4, zero AG concentration) .
The same concentration of glucosone yielded 2.82 ± 0.04 mol/L MF, i.e., about half the yield obtained from fFL. Methylglyoxal was even less reactive, yielding 1.00 ± 0.11 moI/L MF. The lesser reactivity of glucosone, compared with fFL, in the assay suggests alternative modes of degradation of glucosone, independent of reduction of NBT-which is consistent with the data in Table 1 . The experiments also indicate that glucosone production may contribute to the color yield in the fructosamine assay.
To confirm the contribution of glucosone to assay results, we included an excess of AG in the fructosainine reagent to trap the dicarbonyl sugar and limit its contribution in the assay. AG is a hydrazine compound that forms stable triazine derivatives with dicarbonyl sugars (14). As shown in Fig. 4 , the added AG caused a concentration-dependent decrease in yield of MF from ff1, control serum, glucosone, and methyiglyoxal. Maximum These data are also consistent with results of Ahmed et al. (7, 8) , who identified CML and LL as major products of autoxidation of fFL at pH 7-10.
Overall, the most likely source of glucosone in the fructosamine reaction is its direct formation on reduction of NBT by the Amadori compound. A reaction mechanism for the formation of glucosone from IFL in alkaline NBT solution is shown in Fig. 6 . The first step, which is rate-limiting, is the enediol rearrangement of fFL, forming a C-1-C-2 eneaminol (17, 18). This is followed by the loss of a proton to yield the eneaminol anion and transfer of an electron from the C-2 oxygen atom to NBT, yielding NBT. In the process, #{163}FL is converted to an eneaminol radical, which then contributes a second electron for stoichiometric reduction of NBT, followed by hydrolysis of the ketoimine adduct to form glucosone.
Further enolization and oxidation of glucosone may then contribute to an enhanced color yield in the fructosamine assay. Kinetics of degradation of [FL and glucosone formation. In this study we observed the complete degradation of fFL in alkaline NBT solution at 37#{176}C within 60 miii (Fig.  3) . The rapid degradation of ff1 was also catalyzed by NBT and by trace amounts of hydrogen peroxide and hydroxyl radicals (3). Although Cheng et al. (19) reported gradual accumulation of dicarbonyl compounds in a reaction mixture on oxidation of glycated polylysine at neutral pH, glucosone was rapidly degraded at alkaline pH after reaching maximal concentrations in the fructosamine reaction mixture at 10 mm. This finding is consistent with Hedge's finding that dicarbonyl sugars react readily in alkali to form a-enediol compounds, which are strongly reducing even in acidic solution (4). Under fructosamine assay conditions at alkaline pH, glucosone was rapidly degraded, irrespective of the presence of the reducible substrate, NBT (Table 1 ). This observation is consistent with those of Naniiki and Hayashi ( In the present study, GC-MS analysis of glucosone reaction mixtures revealed traces of lowerorder carbohydrates, but no evidence of glycomc acids. Contribution of glucosone to fructosamine assay results. Unlike the inhibitory effects of AG on assays of fFL and a-dicarbonyl species, AG had a nonlinear effect on assay results for a control serum sample (Fig. 4) . Maximum inhibition was observed at -10 mmol/L AG, but higher AG concentrations actually led to an increase in fructosamine yield. These concentration-dependent effects are difficult to interpret in a straightforward way, given that AG may affect the fructosamine assay by activities other than its action as a dicarbonyl trap. Ou and Wolff showed recently (23), for example, that AG has prooxidant activity since autoxidation of AG in physiological buffers generates both superoxide and hydrogen peroxide, compounds known to increase the color yield in the fructosamine assay (3). Thus, the nonlinear response of the assay to AG may result from its primary activity in trapping glucosone at low concentrations and then from its predominantly prooxidant activity at higher concentrations in assays of control sara. In assays of patients' samples AG, at 10 mmol/L, tended to enhance the response for samples in the normal range, but had a negligible effect on samples in the diabetic range. These differences may result from the balance between the carbonyl trapping and prooxidant activity of AG; i.e., the prooxidant activity and enhancement of color yield may be observable in samples with lower proportions of protein glycation, whereas only the inhibitory effect is observed in samples within the diabetic range. It is stifi not clear, however, why similar nonlinear effects are not observed with model compounds (Fig. 4) . Possibly the release of metal ions, resulting from denaturation of serum proteins during the assay, mediates the prooxidant effect of AG.
We conclude that the unmodified amino acid, lysine, and the oxidized carbohydrate, 
